Recently, the mining industry has introduced renewable energy technologies to resolve power supply problems at mines operating in polar regions or other remote areas, and to foster substitute industries, able to benefit from abandoned sites of exhausted mines. However, little attention has been paid to the potential placement of floating photovoltaic (PV) systems operated on mine pit lakes because it was assumed that the topographic characteristics of open-pit mines are unsuitable for installing any type of PV systems. This study analyzed the potential of floating PV systems on a mine pit lake in Korea to break this misconception. Using a fish-eye lens camera and digital elevation models, a shading analysis was performed to identify the area suitable for installing a floating PV system. The layout of the floating PV system was designed in consideration of the optimal tilt angle and array spacing of the PV panels. The System Advisor Model (SAM) by National Renewable Energy Laboratory, USA, was used to conduct energy simulations based on weather data and the system design. The results indicated that the proposed PV system could generate 971.57 MWh/year. The economic analysis (accounting for discount rate and a 20-year operational lifetime) showed that the net present value would be $897,000 USD, and a payback period of about 12.3 years. Therefore, we could know that the economic effect of the floating PV system on the mine pit lake is relatively higher than that of PV systems in the other abandoned mines in Korea. The annual reduction of greenhouse gas emissions was analyzed and found to be 471.21 tCO 2 /year, which is twice the reduction effect achieved by forest restoration of an abandoned mine site. The economic feasibility of a floating PV system on a pit lake of an abandoned mine was thus established, and may be considered an efficient reuse option for abandoned mines.
Introduction
An increasing number of mines are being closed or abandoned worldwide due to depletion. In Korea, 90% of all mines are closed or abandoned, most of them left unattended [1] . Areas adjacent to abandoned mine sites are exposed to many safety and health hazards due to ground subsidence and toxic minerals dissolved into soil and groundwater. This results in a local economic slump and aggravation of it by the phenomenon known as the "doughnut effect" (inhabitants move from the contaminated areas). This has become a serious social problem impeding balanced development of the unused land. To address these issues, various promotion policies and projects have been launched to implement abandoned mine land reclamation and environmental restoration.
In many countries, recent years have seen increasing cases of installing and operating renewable energy generation systems in abandoned mine sites to promote the reuse and revitalization of
Study Area
The study site is an open-pit limestone mine (Ssangyong Resources Development Co., Ltd.) located in Donghae City, Gangwon Province, Korea. It covers a surface area of 9.58 km 2 and currently produces limestone for cement production at the rate of 1.4 million ton/year from three open-pits. Of the three pits, depletion has caused Pit 1 to be prepared for mine closure. As shown in Figure 1a , the plan is to fill the concave part of the pit with water to form a pit lake. At its center, there is already a naturally formed pit lake (Figure 1b) . Table 1 presents the meteorological characteristics of the study site. The average cumulative global solar irradiation is 1275.6 kWh/m 2 /year, and the average annual temperature is 13˝C. The pit lake in the study site is a self-contained water environment with the average wind speed of 2.5 m/s. Therefore, the requirements for the structure and mooring are relatively lower than those in a marine environment which would endure additional loading from the tides, high winds and waves [11, 12] .
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Methods

Solar Site Assessment
For the solar site assessment of the pit lake at the study site, a digital elevation model (DEM) with spatial resolution of 5 m was created using ArcGIS and a digital topographic map with a map scale of 1:5000, produced in 2014 by the National Geographic Information Institute of Korea [15] . The DEM was used to assess the effects of the cast shadows on the pit lake surface by the surrounding topography. In order to assess the effects of shadows on the PV system with a conservative evaluation method, we analyzed the daily sunshine hours on the pit lake surface using the solar radiation analysis tool in ArcGIS and DEM on the winter solstice, the day when the sun is at its lowest noon altitude.
To measure the shadow effects caused by small obstacles that cannot be captured with DEM, such as vegetation, the skyline was recorded and analyzed using a fish-eye lens camera (SunEye210). This enabled field analysis of the skyline at the solar site. The results of shadow-effect analysis were stored in the form of a shading matrix consisting of month-by-hour shading data for shading elements surrounding the solar site, as expressed by values between "0.0" (complete shielding of direct radiation reaching the PV system) and "1.0" (no shading effects) [16] .
Design of the Photovoltaic System
For the purpose of the study, it was hypothesized that solar PV panels constitute a fixed-tilt array, and the 1-MW floating PV system to be installed the highest energy output on the pit lake 
Solar Site Assessment
Design of the Photovoltaic System
For the purpose of the study, it was hypothesized that solar PV panels constitute a fixed-tilt array, and the 1-MW floating PV system to be installed the highest energy output on the pit lake surface was designed with the following parameters: number of modules per string, installation angle of the solar [17] .
Module per string (M s ) was calculated using Equation (1): V mx´mppt is the maximum MPPT voltage, and V mn´mppt is the minimum MPPT voltage in the inverter. Here, V module represents the maximum power voltage of the module. The strings in parallel (S p ) was calculated using Equation (2), I p is the module max power, and Equation (3) was used to calculate the total number of inverters required (I EA ).
I EA "`M sˆSpˆPmodule˘{ pR DC´ACˆPinv q
P module is the module maximum power. R DC´AC represents the DC-to-AC ratio, and was given a value of 1.0. P inv is the maximum AC power of the inverter.
The installation angle of the fixed-tilt solar array was varied among 25˝, 30˝, 35˝, 40˝, and 45˝. The spacing between arrays was calculated with Equation (4).
X1 " Lˆtcos pTiltq`sin pTiltqˆtan pLat`23.5˝qu (4) where X1 is the array spacing (m), Tilt is the tilt angle (˝) of the installed array, L is the length (m) of the module, and Lat is the latitude of the solar site.
Once the array spacing and tilt angle of each string is determined, the total area of the solar site required was calculated using Equation (5).
where M s , M w , X1, and S parallel denote the number of modules per string, width (in meters) of a module, array spacing (in meters), and string in parallel, respectively. Table 2 lists the product parameters of the PV module and inverter employed for the floating PV system in this study. There is a possibility that birds build nests and breed at the floating PV system [18] . This study assumed that regular monitoring and maintenance will be done to prevent animals from conquering the facility.
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Simulation of the Photovoltaic System
The SAM software, developed by NREL (USA) was used for design and financial analysis of the renewable energy systems. It enables complex analyses of how to install a PV system, given the inverter and the module characteristics, and the irradiance conditions. For an explanation of the use of SAM refer to Song and Choi [19] . In this study, the electricity production of a 1-MW floating PV system was calculated by entering the meteorological data of the study site provided by the Korea Meteorological Administration [20] , the shading-matrix data obtained by onsite solar assessment, and the five system-design variations according to the tilt angle of the fixed-tilt solar array, into the SAM software.
The current version of SAM has no separate feature for floating PV systems. Therefore, relying on the experimental results of a study by Choi [21] , according to which a floating PV system yielded 11% greater power output than a terrestrial counterpart, we added 11% to the SAM output value.
Evaluation of Economic Feasibility
The initial cost and annual operating cost of the newly designed floating PV system was estimated in accordance with the initial investment cost standards of PV system in Korea, proposed by Lee et al. [12] . In order to estimate the revenue from power generation and sales, the renewable portfolio standard (RPS) system in Korea, which began in 2012, and system marginal price (SMP) [22] were used. The RPS system mandates that power production businesses supply a certain proportion of their total production from renewable energy sources, and allows trades among suppliers in the renewable energy certificates (REC) market. A REC weight of 1.5 was applied in this study. SMP is the revenue from selling electricity through the Korea Power Exchange.
The NPV of the PV system was calculated as in Equation (6).
here, NPV means net present value (USD), N means system operating period (year), E t means annual electricity sales revenue (USD), C t means annual operating cost (USD), r means discount rate, and C 0 means initial cost (USD). The present study applied the social discount rate of 5.5% proposed by the Korea Development Institute in 2013 [23] to the discount rate (r), and the project period (N) was estimated as 20 years considering the reported durability of the solar modules [24] . The electricity sales revenue was calculated by multiplying the electricity output by the sales price. These economic parameters are identical to those used by Song et al. [7] . The years to payback were estimated by calculating N when NPV becomes zero in Equation (6). The internal rate of return (IRR) that discounts the sum of converting cash revenue flow into present value to investment spending, can be obtained by calculating the value that makes NPV zero.
Analysis of Greenhouse Gas Reduction
Reduction of GHG emissions refers to the amount of greenhouse gases generated when a fossil-fuel energy system is used to generate the same amount of electricity produced by a renewable energy system. This was calculated using Equation (7):
G t is the amount of GHG reduced annually (tCO 2 /year), E s is the annual electricity production from the PV system (MWh/year), G is the standard value of GHG emission of each country (tCO 2 /MWh), and β is the average loss rate of power transmission and distribution. In this study, the Korean standard value of GHG emission (0.467 tCO 2 /MWh) and average loss rate of power Energies 2016, 9, 102 7 of 13 transmission and distribution (0.369), provided by the Korea Electric Power Corporation [25] , were used to analyze the reduction of GHG emissions gained through installation of the floating PV systems. Figure 3 depicts the sunshine hours on the pit lake surface at the winter solstice as analyzed using the 5-m-resolution DEM to determine the effects of the cast shadows of the surrounding topography on the pit lake surface. The maximum number of sunshine hours was 6.5 hour/day. The portion of the pit lake surface with at least six sunshine hours per day was found to be 87,650 m 2 , accounting for 38.9% of the total surface area (225,450 m 2 ), and was located mainly in the northwestern part.
Results
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Design Parameter Value
Modules per string 8 Strings in parallel 580 Total number of inverters 250 Total capacity (kW) 998 Table 5 . Area required for installing the floating PV system according to different angles of array tilt.
Item Value
Angle of array tilt 25˝30˝35˝40˝45T otal area (m 2 Table 6 outlines the monthly and annual electricity production simulated after entering the meteorological data of the solar site, shading matrix (Table 3) , and PV-system design parameters (Table 4) into the SAM software. The highest monthly electricity output was in April at all tilt angles, and the lowest was in July due to meteorological characteristics of study site. The highest annual electricity production (971.57 MWh/year) resulted from a tilt angle of 40°. Based on this result, 40° was selected as the optimal tilt angle of the PV array, and the electricity production at the 40° tilt angle was used for the economic and GHG reduction analyses. Table 6 outlines the monthly and annual electricity production simulated after entering the meteorological data of the solar site, shading matrix (Table 3) , and PV-system design parameters (Table 4) into the SAM software. The highest monthly electricity output was in April at all tilt angles, and the lowest was in July due to meteorological characteristics of study site. The highest annual electricity production (971.57 MWh/year) resulted from a tilt angle of 40˝. Based on this result, 40˝was selected as the optimal tilt angle of the PV array, and the electricity production at the 40˝tilt angle was used for the economic and GHG reduction analyses. Based on the annual electricity production expected from the floating PV system installed on the pit lake, an economic analysis for a 20-year project lifetime was performed. Setting the initial investment cost at $2,730,000 USD according to the standard value established by Lee et al. [12] , the first year sales profit was calculated to be $348,000 USD. Figure 6 shows the simulated NPV for each year over the 20-year lifespan. Considering the cash flows generated during the operating lifespan, the payback period was calculated to be about 12 years. The NPV calculated over 20 years stood at $897,000 USD, with an IRR of 9.37%. Additionally, the annual reduction of GHG emissions was calculated to be 471.21 tCO 2 /year (Table 7) . Table 7 . Results of economic and greenhouse gas reduction analyses for the floating photovoltaic system in the study site. investment cost at $2,730,000 USD according to the standard value established by Lee et al. [12] , the first year sales profit was calculated to be $348,000 USD. Figure 6 shows the simulated NPV for each year over the 20-year lifespan. Considering the cash flows generated during the operating lifespan, the payback period was calculated to be about 12 years. The NPV calculated over 20 years stood at $897,000 USD, with an IRR of 9.37%. Additionally, the annual reduction of GHG emissions was calculated to be 471.21 tCO2/year (Table 7 ). Figure 7 depicts the IRR and payback period calculations for a 99-kW terrestrial PV system at seven abandoned-mine promotion districts calculated by Song et al. [7] and those for the 1-MW floating PV system designed for the pit lake in this study. Although the initial investment cost for installing the floating PV system on the pit lake was more expensive than for the terrestrial PV system, the payback period of the floating PV system was shorter. Moreover, the IRR value was also higher than for the terrestrial PV systems in the previous study. Figure 7 depicts the IRR and payback period calculations for a 99-kW terrestrial PV system at seven abandoned-mine promotion districts calculated by Song et al. [7] and those for the 1-MW floating PV system designed for the pit lake in this study. Although the initial investment cost for installing the floating PV system on the pit lake was more expensive than for the terrestrial PV system, the payback period of the floating PV system was shorter. Moreover, the IRR value was also higher than for the terrestrial PV systems in the previous study. In addition to conversion of open pits to lakes, there is another eco-friendly method for restoring an abandoned open-pit mine: forest restoration. The economic and environmental effects of these two methods were compared by calculating the GHG reductions and investment costs for the floating PV system operation on the pit lake and forest restoration of the mine site without creating a pit lake (Table 8 ). The annual per-hectare reduction of GHG emissions and costs for forest restoration were set at 10.8 tCO2/ha/year and 6.9 × 10 3 USD/ha, respectively, as presented by Korea Forest Service [26] . two methods were compared by calculating the GHG reductions and investment costs for the floating PV system operation on the pit lake and forest restoration of the mine site without creating a pit lake (Table 8 ). The annual per-hectare reduction of GHG emissions and costs for forest restoration were set at 10.8 tCO 2 /ha/year and 6.9ˆ10 3 USD/ha, respectively, as presented by Korea Forest Service [26] . The analysis revealed that while installing a floating PV system on the pit lake requires 1.7 times higher initial cost than forest restoration, the annual reduction of GHG emissions is twice as high. For GHG reduction per unit price as well, the floating PV system on the pit lake was found to be better than forest restoration. Additionally, considering the revenue generated by sale of electricity, installation of a floating PV system was considered more cost-effective than forest restoration.
Discussion
Conclusions
In this study, the effects of installing a 1-MW floating PV system on the surface of a pit lake were estimated for an open-pit limestone mine in Korea currently in the process of mine closure. The surface area ensuring at least 6 hour/day of sunshine in winter, without any shadow effect, was estimated to amount to 87,650 m 2 . This was sufficient for installing a 1-MW floating PV system accommodating 4641 solar modules. After inputting the meteorological data of the solar site and PV system design parameters, the SAM simulation revealed a PV-array tilt-angle of 40˝to be optimal for the floating PV system and computed the annual electricity generation to be 971.57 MWh. In the economic analysis over a 20-year lifespan, the payback period (capital recovery) for the 1-MW facility was calculated to be 12.3 years, with the net present value at $897,000 USD. This demonstrates that the economic benefit of the floating PV system on the pit lake is greater than that of terrestrial PV systems previously analyzed in abandoned-mine-promotion districts in Korea. The annual reduction of greenhouse gas emissions was estimated at 471.21 tCO 2 /year, which is twice as high as the reduction effect achievable through forest restoration of an abandoned mine.
This study considered the installation angle of the fixed-tilt PV array between 25˝-45˝and selected 40˝as the optimal tilt angle because the highest annual electricity production resulted from a tilt angle of 40˝. However, the cost for structural configuration of the system can be different for different tilt angles. Although for 40˝the maximum PV output is achieved, the structural needs can be greater than others. With minor angles, a better relationship between investment and revenues can be obtained although they do not provide the maximum PV output. In future work, it would be interesting to investigate this issue because it can slightly change the results of economic analysis.
Until recently, installation of a large-scale PV system in an abandoned open-pit mine has been considered inappropriate due to its topographic characteristics. According to this analysis, however, creating a pit lake in an open-pit mine and using it for a large-scale floating PV system is economically beneficial and could significantly reduce greenhouse gas emissions. Considering the environmental and economic gains from greenhouse gas reduction and electricity sales, a floating PV system on a pit lake of an abandoned mine site is considered an efficient reuse option for abandoned mines. The analysis methods employed in this study are applicable to other regions and countries such that they are expected to be efficiently used to determine the environmental and economic effects of floating PV systems on mine pit lakes.
